Synchronisation of spatiotemporal continuous disorder is realised in a Liquid Crystal Light Valve single feedback system with an incoherent, unidirectional master-slave-coupling scheme as excellent model system for synchronisation. Thus, complex states disordered in space and time were completely synchronised by using identical systems as master and slave. Thereby the impeding role of system differences is demonstrated in comparison to former experiments. A novel imaging method is introduced, in which the synchronisation process and effects like a time lag can be more easily characterised.
Introduction
Synchronisation is a fascinating phenomenon with a great amount of impressive examples in biology, chemistry, sociology and various other fields [1] . In addition to the understanding of synchronisation, especially the creation and use of chaos synchronisation has become a topic of great interest [2] , particularly the chaos based encryption via optical chaotic systems is a strong motivation for investigation [3] . Thus, it is well known that the chaotic behaviour of nonlinear oscillators can be synchronised in the time domain [4] . The research on the coupling of two chaotic oscillators, bidirectional schemes, and complex networks recently gave rise to the investigation of spatiotemporal continuous systems [5] - [7] .
In contrast to synchronisation of one dimensional signals, continuous spatial extended systems are both theoretically and experimentally more challenging and particularly in experiments spatiotemporal chaos synchronisation is rather uninvestigated. Although some spatiotemporal complex systems can be locally coupled, e.g. reaction diffusion systems in chemistry, nonlinear optical systems with their easy tunable system parameters and precisely controllable coupling conditions offer great experimental possibilities. The LCLV single feedback system holds an outstanding position in experiment. Together with a wide range of accessible dynamics time constants of a few milliseconds allow a detailed analysis of the behaviour. That is why for the examination synchronisation of optical systems our scheme is appealing as simple and easy influenceable model. If it was possible to completely understand and use synchronisation of spatiotemporal complex states, encrypted data processing of two dimensional digital or analog data arrays can principally be realised very fast without an electronic interface.
Complete synchronisation is possible within the chaotic regime for identical systems only [1] . Therefore, one of the greatest challenges when investigating synchronisation properties of various systems is the issue of equality of system parameters. For systems continuous in space differences principally can evolve in every single point in space. Therefore, especially spatial non-uniformities need to be considered [8] .
Pioneering experiments in a Liquid Crystal Light Valve [LCLV] single feedback system as model system demonstrated the principle of experimental spatiotemporal synchronisation in a master-slave-configuration, where two subsystems approximate two identical systems [9] . There we could show that synchronisation can be experimentally realized in this system. However, only a low synchronisation state of C = 0.4 could be reached. However, as complete synchronisation is a crucial condition for chaos communication, in this contribution, we are able to exclude every system inherent difference between master and slave using an incoherent coupling, thereby allowing for the first time to our knowledge to reach complete synchronisation. All degrees of dynamics are investigated and the synchronisation process is studied multifariously with a novel imaging technique.
In the following chapters we introduce the LCLV single feedback system, then the coupling scheme and the novel calibration method are described. Subsequently the novel imaging technique for synchronisation is introduced. Finally, due to the exact calibration method, our results are presented via this new imaging method.
INCOHERENT SYNCHRONISATION OF SPATIOTEMPORAL DISORDER
The unidirectional, incoherent coupling scheme includes an LCLV single feedback system and an external control unit. At first, the LCLV single feedback system ist introduced and its pattern forming properties and the transition to spatiotemporal disorder is described. Subsequently the coupling scheme is regarded in detail.
LCLV single feedback system
In order to realize a system that is able to demonstrate synchronisation of spatiotemporal disorder, a system exhibiting complex spatiotemporal behaviour is necessary. Nonlinear single feedback systems do not only represent a simple configuration that already exhibits fully developed spatiotemporal dynamics, but represent a class of systems in which the mechanism of pattern formation and the formation of spatiotemporal disordered behaviour are by now well understood [10, 11] . They combine nonlocal coupling and a nonlinear medium most elementary. The single feedback configuration considered here uses a LCLV as nonlinearity, which possesses the characteristics of a saturable Kerr type [12] .
An LCLV consists of a liquid crystal layer and a photo conductive layer, which are separated by a dielectric mirror. When applying a DC voltage to the transparent, unstructured electrodes an intensity modulation incident on the photo conductive side, also denoted as write side of the LCLV, is effectively transformed into a phase shift of the light passing the read side. The write light with the local intensity I w changes the local impedance of the photo conductive layer, which affects the internal electric field and therefore the alignment of the liquid crystals. This again results in a refractive index change at the LC layer. Due to the refractive index modulation, the phase of the light, passing the LC layer, which is also called read out side, is affected. The phase transformation can be written as a nonlinear differential equation of the phase φ
with the phase φ, the diffusion length l, the external applied voltage V ext , the response time τ, the feedback intensity at the write side I f and the propagation length L. κ τ , κ s , S 0 and v 0 are device specific fit parameters. Because of the reflective configuration of the LCLV, a ring-like geometry is used for single feedback, as shown in Figure 1 . The nonlocal feedback mechanism needed to induce selforganised pattern formation is caused by a distance L of free space propagation. Due to the propagation the phase distribution is transformed into an amplitude distribution as a result of diffraction. By formal integrating the field equation describing the free propagation, the field of the propagated light can be written as
The input beam is phase modulated by the liquid crystal layer of the LCLV, reflected at the internal mirror and again passes the liquid crystal layer, where it becomes modulated a second time. A 4-f-arrangement and an additional lens image the amplitude distribution onto the photo conductive layer of the LCLV. The system response is recorded by coupling out some intensity at beam splitter BS2.
The described system exhibits a modulation instability, i.e. the growth of spatial patterns out of the uniform solution above a certain threshold intensity [13, 14] . In this system, the formation of hexagonal, i.e. periodic patterns is observed directly above threshold. The period of these periodic structures is depending on the wave vector of the laser light k 0 and the propagation length L expressed by the transverse critical wave vector k c = √ 2πk 0 /3L, available from a linear stability analysis. With increasing pump intensity, higher order transverse wave vectors become excited, resulting in the breakdown of the spatial order. Due to the competition of modes in addition to the loss of spatial order temporal dynamics sets in, which is often denoted as spatiotemporal complexity or space time chaos [15] . In Figure 2 the development of the space time dynamics is illustrated. From the left to the right the write intensity in- upper row of figures shows the image plane on the photo conductive layer. The initially regularly patterned states become more and more disordered finally showing highly spatiotemporal complex states. In the second row the temporal evolution is shown. One cross section through the image plane is tracked for a temporal sequence of 4.5 seconds duration and plotted along the y-axis. In the low dynamic case the pattern state remains constant during the whole measurement. In the medium dynamic case first temporal fluctuations of the emerging structures can be observed, while for the high intensity case the spatiotemporal disorder is fully evolved. Thus, the control parameter pump intensity, which adjusts the spatial dynamics of the system, also controls the temporal dynamics.
A supplementary control method is the use of spatial filtering in the Fourier plane of the 4f-arrangement of the feedback loop. Therefore, the onset of spatiotemporal dynamics can be controlled with a low pass to cut off the transverse wave numbers above the first band. The evolving spatial and temporal disorder increases more smoothly with rising pump intensity when low pass filtered [16] .
Coupling scheme
In the synchronisation scheme under consideration the coupling of identical systems is realised by recording the master and injecting it back into the system again. Thus, one LCLV single feedback system is able to act as master or slave system depending on the operational mode of the scheme. In the first mode the free running system is recorded in its role as master. In a second step the recorded master is coupled incoherently into the feedback system with the help of a data projector. The now coupled system is recorded as slave. Due to the time delay between the recording of master and slave only random correlations exist between uncoupled master and slave thus demonstrating the independence of the systems. As soon as an appropriate charactarisation method is derived in the next section this issue is discussed more thoroughly.
In previous experiments with two subsystems located on one LCLV a coupling via intensity was performed. The coupling was implemented by adding intensity from the master system into the slave system, while the master system is complemented with some bias intensity to keep the systems as equal as possible: I master = I master + I bias and I slave = I slave + γI master . The coupling strength was easily definable as γ = In contrast, the use of incoherent projector light requires a definition of the coupling strength γ by the average phase shift of the induced projector light. The use of lights from two generally different sources with different spectra, namely the white light of the data projector and the coherent laser light, makes it difficult to define the coupling via intensity because of the wavelength dependence of the photo conducting layer of the LCLV where the coupling in fact takes place. Therefore, a calibration of the dependence of the phase shift on the light intensity is required for both sources. The phase shift of the LCLV was measured in a standard double slit experiment by varying independently the write intensity I w on the photo conductive layer and the read out intensity of the pump beam I p [17] . One half of the photo conductive layer is irradiated by the projector light or by the laser light respectively thus inducing a refractive index change at one side of the LC layer. When the induced profile is read out and the double slit is irradiated with the resulting field, the light field incident at one of the slits experiences an extra phase shift due to the irradiation of the photo conductive layer. The phase shift difference between both parts of the LCLV is detected by the offset of the stripe pattern behind the double slit. During the calibration process an additional dependence on the pump intensity I p at the liquid crystal side was found. In Figure 3 the measured phase shift for the laser light (Figure 3a) and the incoherent projector light (Figure 3b ) is shown. Along the x-axis the intensity I p on the LC layer is varied, while along the y-axis the intensity on the photo conducting layer I w is changed. A strong dependence on the intensity I w at the photo conductive layer is measured which directly demonstrates the difference between the optical way of the unaffected and the reoriented liquid crystals. The general behaviour of the phase shift is a saturating monotonously increasing function, whereas the phase shift induced by the projector light after a sharper rise saturates earlier. Furthermore a slowly increasing dependence is detected along the x-axis for both light sources, i.e. for rising pump intensity I p the phase shift is increasing. The dependence of the phase shift on the pump intensity at the read out side is caused by an imperfect reflectivity of the internal mirror of the LCLV. The transmitted light of the pump beam causes an additional effect on the photo conductive layer and a shift in the refractive index change of the LC layer occurs. This effect is revealed to be constant when comparing the phase shifts of the different light sources and a calibration curve for the whole range of system intensities was found. In Figure 4 the phase shift difference scaled to the phase shift of the laser light is depicted. For better illustration the y-axis, namely the varied intensity at the read out layer is reversed. The stronger noise for smaller pump intensity at the LC layer and higher write intensity at the photo conductive layer is due to the fact that the intensity at the LC layer simultaneously forms the detected signal. Thus, for vanishing intensity at the LC layer the measurement signal vanishes.
After identifying the corresponding correction factor for the intensity dependent coupling the coupling strength γ = 2φ master φ f ree can be realised. The factor of two is added to keep γ = 1 for equal fractions of master and slave. As described before the system behaviour strongly depends on the pump intensity. To accomplish the preservation of a constant operation
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is possible, were no equivalent to the bias intensity is needed.
SPATIOTEMPORAL SYNCHRONISATION
In the following chapter the synchronisation measurements are described with the help of correlation planes. These diagrams include information of the synchronisation process as well as of the decoherence time and random correlations. Using the calibration curve measurements of a novel exactness are performed in the whole range of dynamics -from slightly above the periodic state up to the highly dynamic range.
Realisation of unidirectional coupling scheme
In the measuring process the free running system is recorded (Figure 2a) . After a sufficient time to exclude correlations between master and slave this information is fed back into the system by the data projector. The transmitted white light distribution of the data projector is injected into the system by a beam splitter, and directly imaged on the photo conductive layer of the LCLV, thus realising the coupling strength γ by an arrangement of three polarisers. Over the whole range of coupling strength for one set of measurements one single master is used. Three measurements are performed over about three seconds for each coupling strength.
Master and slave dynamics are compared at certain points of time to analyse the synchronising behaviour of the spatiotemporal disorder. An adequate measure for synchronisation is the cross correlation [9]
To avoid effects of the margins, a central part of the whole aperture is chosen. The depiction of a plane of correlation of all existing combinations of master and slave dynamics turned out to give a visual understanding of the synchronisation process. Higher correlations should emerge for the diagonal of simultaneous existence of master and slave due to synchronisation, while for nonzero time differences between master and slave only random correlations should exist. In Figures 5d, 5e , and 5f master and slave are correlated at certain points of time for zero coupling for all possible time differences in the measuring process. Random correlations up to about 0.15 appear due to the restricted set of possible transverse wave vectors. In addition to the comparison of the spatial distribution, also the temporal dynamics can be quantified out of this plots. The texture of the random structures in the correlation-planes is a measure for the dynamics in the system and can be interpreted as the decoherence time of the random correlation. In Figures 5a, 5b , and 5c the correlation plane for the same degrees of dynamics is shown for non vanishing coupling. A diagonal is clearly visible, which indicates the onset of spatiotemporal synchronisation. Phenomena like time lags can easily be detected and also excluded. In case of a constant time lag a shift of the diagonal line of maximum correlation was observable. Furthermore, the width of the diagonal correlation line marks the decorrelation time.
Characterisation of spatiotemporal synchronisation
An overview of the experimental results is shown in Figure 6 , where the correlation depending on the coupling strength is displayed for measurements from the slightly dynamic regime up to strong dynamics at 10I thr . The measurements at 3I thr , 5I thr and 10I thr were performed with low pass filtering higher modes. To demonstrate, that this is not a necessary criteria, a reference measurement without low pass filtering was performed. One data point consists of the average of three measurements. The general dependence of the degree of synchronisation on the coupling strength is equal for all degrees of dynamics and shows a monotonously increasing function which saturates for high coupling constants. The inclination of the curves slightly depends on the dynamics in the system. The coupling strength γ, sufficient to reach maximum synchronisation, is monotonously dependent on the degree of dynamics, which was increased by rising system intensity and for 4I thr by omitting the low pass filtering.
The development of a synchronisation process can be observed in detail in its correlation plane. To discover the mechanisms suppressing synchronisation for smaller coupling strengths two correlation planes are regarded, at first a weakly dynamic case, the second one with strong dynamics.
In Figure 7a an example with low dynamics at a write intensity of I w = 3I thr is shown at a coupling strength of γ = 0.5, next to the correlation curve of the same measurement with time on the x-axis and the correlation on the y-axis in Figure 7b . As we can see in Figure 6 this measurement is close to the saturation of the synchronisation state. A slow rise of synchronisation is detected, which is not finished yet at the end of the measurements after three seconds. The temporal evolution of synchronisation is thus dependent on the coupling strength. For vanishing coupling strength the time needed to reach maximum synchronisation becomes infinite. When can conclude, that even for high coupling strengths the synchronisation time amounts to a multiple of the decorrelation time. In a highly spatiotemporal complex system, this slow process can easily be interrupted by fluctuations due to noise. Therefore, the increase of synchronisation is damped and even collapses can be detected. In Figure 8a a synchronisation process at an intensity of I w = 10I thr with a coupling of γ = 0.5 is shown. The synchronisation rises slowly and is interrupted several times due to the dynamics including a temporal break down of synchronisation after about five seconds, as one can also recognise in the adjacent synchronisation graph in Figure 8b . Therefore, interruptions of the synchronisation process can be hold responsible for their slower rise at strong dynamics. In Figure 9 the rise of synchronisation when increasing the coupling constant is illustrated in movies of the correlation planes. One video consists of correlation planes for a definite state of dynamics, while the coupling strength increases dur-ing the progress of the movie. From left to right the write intensity is rising and the synchronisation processes for all degrees of dynamics are opposed. The exposed dependence of the increasing of synchronisation on the dynamics of the spatiotemporal complex states is observable as well as the decoherence time, perceivable from the thickness of the synchronisation diagonal. A time lag was not detected in this measurements. Apart from the detailed analysis of the synchronisation process, the measurement contain another novelty. It is clearly visible, that complete synchronisation can be reached for all degrees of dynamic. Even for the highly dynamic range, which is in the strongly spatiotemporal disordered regime, for higher coupling constants complete synchronisation was detected, becoming manifest in correlations of C = 0.9.
CONCLUSION
In conclusion, we have shown that high degrees synchronisation of strongly dynamic spatiotemporal complex states is reachable in an unidirectionally coupled master-slave configuration. By realising an LCLV-single feedback system with an external control unit as a spatiotemporally extended masterslave system, we could reach high correlations up to C = 0.9, which allow the denomination as complete synchronisation. In contrast to earlier experiments with two subsystems, synchronisation of two unidirectionally, incoherently coupled identical systems reaches unity for all degrees of complexity. Therefore, the strong influence of system differences was demonstrated. This results give reason to consider the future use of spatiotemporal systems for the suggested chaos encrypted communication scheme.
